Abstract. Inflammatory changes in the dental pulp are accompanied by release of a wide variety of chemical mediators. Nitric oxide, an oxidative free radical produced by the enzyme nitric oxide synthase (NOS), has been implicated in multiple inflammatory processes, which makes it a suitable marker for changes which likely occur following tooth pulp insult. Since limited information on nitric oxide in the pulp is available, it is necessary first to examine relative distributions of NOS in uninflamed and inflamed rat pulp. We accomplished this by characterizing regions of nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d) activity and the distribution of both macrophage NOS (macNOS) and neuronal NOS (nNOS) immunoreactivity in normal and inflamed rat molar pulp at multiple time points. The results showed that: (1) deep cavity preparation on the mesial surface of the molar produced a time-dependent inflammation, with acute inflammation early progressing to chronic, granulomatous inflammation with necrosis later that spread preferentially down the mesial root; (2) control (non-prepared) teeth showed a relatively faint and homogeneous distribution of NADPH-d and macNOS reactivity but no discernible nNOS reactivity; (3) inflamed teeth displayed localized increased intensity of NADPH-d and macNOS reactivity surrounding the inflamed area of pulp, but no increased nNOS activity; (4) pulp vessels supplying the inflamed area showed increased NADPH-d reactivity, but no increased macNOS or nNOS reactivity; and (5) neither NADPH-d, macNOS, nor nNOS reactivity was observed in pulpal nerves. Therefore, nitric oxide may mediate the pulpal inflammatory response through its effects on the paralesional pulp tissue and surrounding endothelial/vascular structures.
Introduction
Inflammation can result from mechanical, chemical, or bacterial insult. Release of a wide variety of chemical mediators is involved in inflammatory changes in the pulp, including histamine (Pohto and Antila, 1970; DelBalso et al., 1976) , prostaglandins (Hirafuji et al., 1980 (Hirafuji et al., , 1982 Hirafuji and Ogura, 1987) , and neuropeptides such as calcitonin gene-related peptide (CGRP) (Gazelius et al., 1987; Khayat et al., 1988; Grutzner et al., 1992) and substance P (Brodin et al., 1981; Wakisaka et al., 1984; Gazelius et al., 1987; Grutzner et al., 1992) . In the pulp, inflammation can lead to alterations in: (1) blood flow (Okiji et al., 1989;  Takahashi, 1990; Olgart et al., 1991) ; (2) immunocompetent cell function (Bergenholtz et al., 1977; Pulver et al., 1977; Hahn et al., 1989; Bergenholtz et al., 1991) ; and (3) neuronal activity (Ahlberg, 1978; Panopoulos et al., 1983; Narhi and Hirvonen, 1983; Madison et al., 1992) . While several mediators have been shown to be involved in one or more of these processes, nitric oxide is involved in all three .
Nitric oxide is a free radical gas that is produced by NO synthase (NOS) (Bredt et al., 1990 . NOS uses molecular oxygen and arginine as substrates to produce NO and citrulline. Production of NO by NOS requires several co-factors, including nicotinamide adenine dinucleotide phosphate (NADPH), tetrahydrobiopterin, and flavins (flavin adenin dinucleotide and flavin mononucleotide). At (Nussler and Billiar, 1993) .
Since NADPH is a strict co-factor requirement for NO production, several investigators have used NADPH-diaphorase activity as a marker for NO synthase. The presence of NADPH-d activity has been used to localize NOS in trigeminal ganglion (Aimi et al., 1991) , uninflamed tooth pulp, and tooth-supporting bone (Kerezoudis et al., 1993 ), but has not been investigated following tissue insult.
The enzymatic activity responsible for synthesis of NO in all systems studied to date is inhibited by the L-arginine analogs such as NG-nitro-l-arginine methyl ester (L-NAME) (Marletta, 1989; Rees et al., 1990) . These L-arginine analogs have shown protection from NO damage in several models of ischemia/re-perfusion injury and inflammation (Parks et al., 1982; Mulligan et al., 1991; Ashwal et al., 1994) . Some physiologic data are available on the presence of the L-arginine/NO pathway in the dental pulp. For example, infusion of L-NAME has been demonstrated significantly to reduce basal blood flow in the tooth pulp of the rat (Kerezoudis et al., 1993) and cat (Lohinai et al., 1995) . NADPH-d activity has been reported to co-localize with NOS in peripheral neural tissues Ward et al., 1992; Grozdanovic et al., 1992 ) and non-neural tissues (Janssens et al., 1992; Lamas et al., 1992; Poeggel et al., 1992) . To date, however, no data are available as to the localization and/or activity of NOS in inflamed pulp tissue.
The involvement of NO in multiple processes which occur during inflammation makes it an ideal marker for changes which likely occur following tooth pulp insult. Since NADPH-d activity has been localized in the uninflamed rat tooth pulp (Kerezoudis et al., 1993) , and antibodies have been developed for some of the cloned subtypes of NOS, the purpose of this study was to examine and compare the distribution of NOS in the uninflamed and inflamed rat pulp by characterizing NADPH-d reactivity, and macNOS and nNOS immunoreactivity.
Materials and methods

Animals
Twenty-five outbred male Sprague-Dawley rats (Harlan SpragueDawley, Indianapolis, IN, USA) were housed 4 to 6 per cage. They weighed from 150 to 220 g each upon receipt and were allowed to acclimate for 1 wk prior to use. Rats were fed a standard diet of Teklad Rat Chow (Harlan Sprague-Dawley, Indianapolis, IN, USA) and water ad libitum and kept on a 12-hour light-dark cycle.
The experimental protocols were approved by the Animal Care Use Review Committee at the University of Iowa.
Experimental protocol Tooth preparation. The rats were deeply anesthetized with 2.5% sodium thiopental injected intraperitoneally at a dose of 45 mg/kg. All cavity preparations were performed by one investigator (KRB) using a modification of previously described procedures (D'Souza et al., 1995) . Briefly, animals were placed in an oral restraining rig, and with the aid of a 6-40x dissecting microscope (Zeiss, Frankfurt, Germany), Class V cavity preparations were made on the mesial surface of the maxillary right first molar by means of a high-speed dental handpiece and air coolant. Enamel and dentin were removed until a slight blushing of the dentin appeared, indicating proximity to the pulp tissue. The cavity preparations were etched for 1 min with 32% phosphoric acid gel, washed with water, dried, and left unrestored. The contralateral maxillary first molar was used as an unoperated control. The animals were then allowed to recover and were maintained with routine husbandry until their death.
One, 4, or 14 days following cavity preparation, rats were again deeply anesthetized with sodium thiopental and transcardially perfused with 100 mL saline followed by 400 mL 2% paraformaldehyde in 0. Immunocytochemistry for NOS. Free-floating sections were rinsed in 0.1 M PB and pre-incubated for 30 min in 3% normal goat serum (NGS) in phosphate-buffered saline (PBS) at pH 7.4. To assess the presence of endogenous peroxidase activity, we rinsed some of the sections in 5% H202 for 10 min prior to pre-incubation in 3% NGS. Sections were then incubated for 48 hr at 4°C with monospecific polyclonal antibody to macNOS (Kummer et al., 1992) or nNOS (Wilcox et al., 1997) diluted to 1:2000 and 1:4000, respectively, in 1% normal goat serum (NGS, with 0.75% Triton X-100 in PBS). Following two 10-minute washes in PB, sections were washed with 3% NGS for 30 min and incubated for 1 hr at room temperature with the secondary antibody (biotinylated goat anti-rabbit-IgG; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) diluted in 1% NGS with 0.75% Triton X-100. Following two 10-minute rinses with PBS and a 30-minute rinse with 3% NGS, sections were incubated with ABC solution (peroxidase-conjugated egg-white avidin; Reaction products were visualized with diaminobenzidine DAB (0.05%: Sigma Chemical Co., St. Louis, MO, USA)-H202 (0.01%) in 0.1 M PB for 5 to 10 min. Sections were then rinsed with PB and mounted, dehydrated, and coverslipped. Sections were reacted without the primary antibody as negative controls for immunoreactivity for both macNOS and nNOS.
Data analysis
The homogeneous distribution of NADPH-d in the pulp tissue facilitated quantification of stain intensity by digital image analysis. Image analysis has been shown to be a useful tool for quantifying histochemical differences in staining intensity (Picton and Clark, 1978; Blanco et al., 1988) (Cole and Bond, 1972) . Similar morphologic areas of 0.0246 mm2 (0.1 mm = 39 pixels) were assigned in a blinded manner to the distal, middle, and mesial pulp of cavity-prepared and control first molars, and in the central pulp of second molars as an additional uninflamed control. Mean gray level values (MGLVs) were computed for each area. Representative blood vessels in the mesial root were selected and measured for MGLV and diameter in each group. The blood vessels measured were of homogenous appearance, free of apparent artifact, and perpendicular to the plane of section. Vessels sectioned tangentially, as indicated morphologically by elongation of the vessel wall (see example, Fig. 6 ), were not included in diameter measurements. Since vessel diameter may be influenced by different orientation of the sections, we attempted to select similarly oriented histologic slides from each group. Histologic slides which included the entire coronal pulp (mesial to distal) and mesial radicular pulp (apical to coronal) were measured. In some cases, it was not possible to obtain adequate sectioning throughout the entire crown and mesial root for image analysis; thus, the number of rats at each time point varies. To assess the reliability of the image analysis in obtaining MGLVs, we re-digitized and re-measured 5 randomly selected sections on separate occasions in a blinded manner. There was no significant difference between the first and second MGLV measurements (paired t test, p = 0.85).
The heterogeneous distribution pattern of nNOS and macNOS immunoreactivity hampered quantification of stain intensity by digital image analysis. Optimum stain density measurements could not be conducted without biased selection of the area to be measured. Therefore, sections processed for nNOS and macNOS immunoreactivity were qualitatively assessed in both prepared and unprepared tooth pulps. To 
NADPH-d reactivity
In general, NADPH-d reactivity in the central pulp of control (unprepared) teeth was faint and homogenous, with increased intensity in the peripheral pulp (both sub-odontoblastic and odontoblast cell layers) and blood vessels (Fig. 5) . NADPH-d activity was not evident in pulpal nerves. Negative controls, in which sections were reacted in the absence of 3-NADPH, were without significant NADPH-d reactivity (Fig. 6 ). These findings are consistent with those reported by Kerezoudis et al. (1993) . The Table shows average MGLVs of the mesial pulp, distal pulp, and blood vessels of the mesial root. Analysis of MGLVs in unprepared pulps showed that the mesial pulp and distal pulp did not significantly differ from each other (53.9 + 9.5 vs. 59.1 + 19.3, respectively; see Table) ; however, blood vessels in control teeth were significantly darker (82.4 + 7.6) than the corresponding mesial and distal pulp areas (ANOVA, p < 0. 4, and 14 days after preparation) were not significantly different (Table) . Average MGLVs of distal pulp from the first molar and mesial pulp from the unprepared second molar were also compared and were found not to differ significantly (data not shown). One day after cavity preparation, a slight increase in NADPH-d localization was observed in the pulp tissue adjacent to the prepared dentin. As in pulp tissue from unprepared teeth, and consistent at all periods after tooth preparation, NADPH-d activity was not present in pulpal nerves. Blood vessels were more intensely stained in the mesial root (Fig. 7) . A comparison of the mean mesial pulp and distal pulp MGLVs showed that cavity preparation did not result in significantly increased NADPH-d intensity in pulp tissue after one day. However, MGLVs of blood vessels adjacent to the prepared surface were significantly increased when compared with both mesial pulp and control blood vessel MGLVs (Table) .
At 4 days after cavity preparation, all teeth demonstrated areas of leukocytic infiltration adjacent to the prepared region of dentin. There was a statistically significant increase in NADPH-d intensity in the mesial pulp area immediately surrounding the leukocytic infiltration (Fig. 8, Table) . Blood vessels of the mesial pulp and root which supplied the inflamed area also showed a statistically significant increase in NADPH-d intensity (Table) .
Fourteen days after cavity preparation, all prepared teeth showed areas of necrosis within the inflammation. The area inflamed was larger in the 14-day animals than in the four-day animals, with preferential expansion down the mesial root while sparing the distal portion of the coronal pulp (Fig. 9) . In some teeth, the area of necrosis reached the apical third of the root. The vessels in the remaining viable pulp tissue surrounding the inflammation displayed more intense NADPH-d reactivity than at any previous time period following cavity B "7, preparation (MGLV = 121.3 + 14.7). Interestingly, as the proportional area of necrosis within the inflammatory lesion increased, intense NADPH-d reactivity in pulp tissue between the inflammation and the distal pulp narrowed, with only a small band of increased NADPH-d intensity separating the area of necrosis from the uninflamed-appearing portion of the distal pulp (Fig. 9) . A comparison of MGLVs from the remaining pulp, outside this narrow band of inflammatory cells, and the distal pulp revealed no significant difference in intensity (59.7 + 12.5 vs. 51.2 + 13.9, respectively; Table) .
NOS immunoreactivity
No apparent nNOS immunoreactivity was identified in pulp tissue of either unprepared (controls) or prepared (inflamed) teeth. In the unprepared teeth, macNOS immunoreactivity was faint to non-apparent in the central pulp tissue. However, there was a slight localization of reactivity in the peripheral pulp of these teeth (Fig. 10) in a pattern strikingly similar to that seen in the unprepared teeth reacted for NADPH-d (compare with Fig. 5A ). Negative controls, in which sections were reacted in the absence of the primary antibody, were without significant immunoreactivity (Fig. 11) .
In the pulps of inflamed teeth, the distribution of macNOS immunoreactivity again displayed a pattern similar to the distribution of NADPH-d activity, with an increase in intensity in pulp tissue adjacent to the area of dense leukocytic infiltration (Fig. 12) . However, macNOS immunoreactivity differed from NADPH-d activity in that macNOS did not label blood vessels in either control or inflamed pulps.
Discussion
In the tooth pulp, inflammation is characterized by changes in blood flow, immunocompetent cell function, and neural activity. With its demonstrated involvement in these processes as well as cardiovascular and immune functions, one of the potential primary players in the inflammatory response is NO. NADPH-d reactivity has been shown to localize NOS in neuronal and non-neuronal tissues (Hope et al., 1991; Janssens et al., 1992; Lamas et al., 1992; Poeggel et al., 1992; Fischer et al., 1993) and has been shown specifically in tooth pulp (Kerezoudis et al., 1993b) . Therefore, we used NADPH-d, in addition to NOS immunoreactivity, to characterize the distribution of NOS in uninflamed and inflamed rat pulp tissue.
NADPH-d reactivity in vessels of uninflamed pulp was consistent with that in other tissues. Molecular cloning has been used to demonstrate a constitutive isoform of NOS in endothelium (Janssens et al., 1992; Lamas et al., 1992; Sessa et al., 1992) , and NADPH-d activity has been shown to be distributed in blood vessels in rat brain vasculature (Poeggel et al., 1992; Gabbott and Bacon, 1993) . In blood vessels, NO is Maxillary first molar reacted for NADPH-d activity 1 day following cavity preparation. Note increased NADPH-d intensity in the pulp tissue adjacent to the prepared dentin (black arrows) and in blood vessels of mesial root (white arrows); however, only the blood vessels had statistically significantly increased intensity as compared with controls (see Table) .
heme moiety on soluble guanylate cyclase in smooth-muscle cells, thus increasing intracellular cGMP, which results in relaxation of the smooth-muscle cell (Ignarro et al., 1987) . The presence of NADPH-d reactivity in pulpal vessels is consistent with the role of NO as an effector in blood flow regulation. Indeed, systemic infusion of the NOS inhibitor NG-nitro-l-arginine methyl ester (L-NAME) has been shown significantly to reduce basal blood flow in the rat mandibular incisor pulp (Kerezoudis et al., 1993a) and the cat mandibular canine (Lohinai et al., 1995) . Further, administration of the nitric oxide donor 3-morpholinosydnonimine (SIN-1) significantly decreased pulpal vascular resistance in the cat mandibular canine (Lohinai et al., 1995) .
An alternative explanation for the NADPH-d activity in pulpal vessels is the presence of nNOS in nerves which are in the vicinity of vessels ladecola et al., 1993) . Using NADPH-d as a marker for nNOS in the mouse, Grozdanovic et al. (1992) showed that NADPH-d activity was found in paravascular nerve fibers in several structures, including the tongue and salivary glands; however, we were unable to demonstrate significant NADPH-d, macNOS, or nNOS reactivity in rat pulpal nerves.
That NADPH-d and NOS reactivities were not observable in nerves in rat tooth pulp is of interest because of their identification in other peripheral nerves (Dawson ct al., 1991; Fischer et al., 1993) and in pulpal nerves of the cat and dog (Lohinai et al., 1997) . NADPH-d activity has been demonstrated in the trigeminal nucleus (Aimi ct al., 1991) and nerves innervating other oral structures (Grozdanovic ct al., 1992) . Recently, the presence of a small number of NADPH-d-posi- followitng cavity preparation. Note that an area of leukocytic infiltration and necrosis (N) has developed in the mesial pulp under the prepared dentin. This area is surrounded bv pulp tissue with significantly increased NADPH-d intensity in the mesial pulp horn as well as in the mesial root, while the NADPH-d intensity of the distal pulp (D) has remained at control values. Blood vessels (arrow) of the mesial root also had signiificantly inicreased NADPH-d intensity (see Table) .
tive and/or NOS immunoreactive perivascular and solitary varicose axons in the dental pulp of cats and dogs has been described (l ohinai et al., 1997) . This finding is in contrast to results of the present study and to those of Kerezoudis et ol. (1993b) . This difference might reflect interspecies differences (Uddman ct al., 1980) or, alternatively, the use of different methods, since Lohinai's group did not decalcify the tissue as was done in the Kerezoudis and the present studies.
In an attempt to demonstrate that our decalcification process did not affect immunoreactivity of nervous tissue, we reacted decalcified molar sections with antibodies against CGRP and neuropeptide Y (NPY) [1:80,000 (Peninsula Laboratories, Inc., Belmont, CA, USA) and 1:1000 (Accurate Antibodies, Westbury, NY, USA), respectively], both of which have been used to identify nerves in pulp tissue (Silverman and Kruger, 1987; Oswald and Byers, 1993) . In our sections, nerve fibers were demonstrated with each of these antibodies. In addition, sections of trigeminal ganglion and brainstems containing trigeminal nucleus (both of which have NADPH-d-and nNOS-labeled neurons) were subjected to our decalcification procedures and retained NADPH-d and nNOS reactivity (data not shown). Therefore, we believe that it is unlikely that the lack of neural staining in the Table) .
pulp is due to our decalcification process. However, the limited number and course of NADPH-d-and/or NOS-positive pulpal nerves reported in the cat and the dog (Lohinai et al., 1997) implies a fragility or, at least, a technique sensitivity that may require further investigation in the rat before their presence in the pulp can be totally ruled out.
Interspecies differences may also account for the lack of pulp neuronal NOS immunoreactivity in the rat compared with that reported in the cat and the dog (Lohinai et al., 1997) .
In rat dental pulp, no vasoactive intestinal polypeptide (VIP) nerves are present, as opposed to the dental pulp of other mammalian species (Uddman et al., 1980) . The macNOS The results are reported as Mean Grey Level Values (MGLV + SD) on a scale where 0 = white and 255 = black (i.e., the higher the MGLV, the greater the NADPH-d stain intensity). Significantly different from distal pulp of inflamed teeth and mesial and distal pulp of control teeth, p < 0.05. b Significantly different from mesial pulp in inflamed teeth, p < 0.05.
Significantly different from blood vessels in control tooth, p < 0.05.
Significantly different from mesial and distal pulp in both inflamed and control teeth, p < 0.05. (Fig. 5A) , staining was fairly homogenous, with increased intensity in the peripheral pulp (arrows). Note, however, the absence of macNOS immunoreactivity in pulpal blood vessels. (Kummer et al., 1992) and nNOS (Wilcox et al., 1997) antibodies used in the present study are well-characterized. Previously, perivascular nerve fibers of blood vessels in the guinea pig were demonstrated by means of the macNOS antibody that was also used in the present study. Interestingly, double-labeling techniques allowed these NOS-containing nerve fibers to be identified as belonging to the VIP/acetylcholine-containing class, whereas noradrenergic and substance-P-containing perivascular fibers were devoid of NOS (Kummer ft al., 1992) . If this premise is correct, the NOS-reactive nerves described in cat and dog pulp (Lohinai et al., 1997) may belong to the VIP-containing class not found in the rat. The increase in NADPH-d intensity in blood vessels following tooth preparation is consistent with findings which show that, under inflammatory conditions, there may be induction of NOS-like activity in endothelium (Kilbourn and Bellone, 1990) and vascular smooth muscle (Busse and Mulsch, 1990; MacNaul and Hutchinson, 1993) . Using Northern hybridizations, investigators have showed increased levels of inducible NOS mRNA in human aortic smooth mus- increased macNOS immunoreactixity in a distributioll patternl similar to that seen in inflamed pulp reacted for NADPH-d (see Fig. 8 ). Note, however, that the lack of macNOS immrunoreactivity in blood vessels differs dramatically from inflamed teeth reacted for NADPH-d. D = distal pulp.
cle following treatment with the cytokines interleukii l 3, tumor necrosis factor a, interferon y, and lipopolysaccharide (MacNaul and Hutchinson, 1993) . Presumably, the increase in message for NOS, and the resultant increase in NOS content in the vessels, might lead to an increase in NADPH-d intensity. The presence of two distinct isoforms of NOS in the vasculature has led to a proposed mechanism in whichi vascuilar tone can be regulated under normal conditions (i.c., via a constitutive form of NOS), leading to a decreased ability of vessels to respond to neurotransmitters or blood-borne vascular mediators (via an inducible form of NOS) under inflammator-y conditions (Kilbourn and Bellone, 1990; Kilbourn ct at., 1990 ' ' ; -i ' t t ' ' ' ' ' ; ' ; ; --' ' ' s t ' -t f ' i . i ; , . t S X j t S i 0 0 X ; X . : . (Nussler and Billiar, 1993) . In contrast to constitutive forms of NOS, inducible NOS is not present under normal conditions. This is consistent with our findings that neither significant NADPH-d nor macNOS activity was present in the central pulp of control teeth. Upon stimulation with appropriate agents (such as the cytokines interferon-y, tumor necrosis factor, interleukin-1, and/or lipopolysaccharide), fibroblasts, neutrophils, and macrophages can be induced to express iNOS. A time course for the induction of iNOS mRNA in rat hepatocytes following incubation with inflammatory cytokines plus lipopolysaccharide showed that iNOS mRNA was present in the cells 6 hrs after exposure and was still present 48 hrs after exposure (Nussler and Billiar, 1993) . In the present study, increased NADPH-d intensity was seen in the pulp tissue surrounding the core of dense leukocytic infiltration at one day following cavity preparation, and was observable at all times, extending out to 14 days after preparation. In addition, macNOS reactivity was observed in a distribution similar to that of NADPH-d in the pulp surrounding the core of inflammation, with the exception that macNOS was not seen in pulpal blood vessels. These results are consistent with the induction of NOS as a result of pulpal inflammation. Because macNOS-like activity has been shown to be present in inflammatory neutrophils (McCall et al., 1991) , macrophages (Hibbs et al. 1987; Stuehr et al., 1991) , and fibroblasts (Werner-Felmayer et al., 1990; Willis et al. 1994) , it is unclear which of these cells is associated with the increase in macNOS activity in the pulp. However, the distribution of both NADPH-d and macNOS beyond the core of leukocytic cells into the surrounding pulp tissue suggests that pulpal cells in addition to inflammatory cells are involved. The role of macNOS in inflammation appears to be complex. Macrophage-derived NO has been shown to inhibit microbes (Nathan and Hibbs, 1991) as well as lymphocytes (Albina and Henry, 1991) . Thus, NO may serve as an antimicrobial agent, as well as an immune regulator.
In conclusion, we found the presence of NADPH-d and macNOS reactivity in pulpal cells, NADPH-d reactivity alone in pulpal blood vessels, and neither NADPH-d, macNOS, nor nNOS activity in pulpal nerves in the rat. Although we demonstrated an increase in NADPH-d and macNOS reactivity in the pulp due to inflammation, this increased activity lacked apparent neuronal NOS contribution. Therefore, we suggest that NO mediates the pulpal inflammatory response through its affects on the paralesional pulp tissue and surrounding endothelial/vascular structures.
